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a  b  s  t  r  a  c  t
Ag–TaN  sputtered  on polyester  (PES)  accelerated  >6 times  the bacterial  inactivation  kinetics  compared
to  TaN–PES  under  actinic  light  irradiation.  Direct  current  pulsed  magnetron  sputtering  (DCP)  was  used
to sputter  Ag–TaN–PES  and  TaN–PES.  Complete  bacterial  reduction  by  Ag–TaN  occurred  within  20  min
compared  to Ag–TiN  (100 min)  and  Ag–ZrN  (90  min).  The  co-sputtering  of  Ag and  Ta  on PES was  carried  out
in an  Ar/N2 10%  atmosphere.  By ion-coupled  plasma  mass-spectrometry  (ICP–MS)  a reduced  Ag-release
was  observed  for  Ag–TaN  samples  compared  to Ag–PES  samples  within  the disinfection  period.  The
redox  catalysis  by  the  Ag-species  during  the bacterial  disinfection  was  followed  by X-ray  photoelectrono-sputtering
. coli
acterial reduction
edox catalysis
hotocatalysis
PS
spectroscopy  (XPS).  A bacterial  reduction  mechanism  is  suggested  consistent  with  the  experimental
ﬁndings.  The  nitride  ﬁlms  were  characterized  by  surface  science  methods.
© 2015  Elsevier  B.V.  All  rights  reserved.g-ionic sates
. Introduction
Silver has been recognized as antibacterial agent in various
aterial forms: colloids, powders and supported on natural tex-
iles ﬁbers like cotton and artiﬁcial ﬁbers like polyester (PES). The
ilver ion-release kinetics, extended operational time and cytotox-
city (biocompatibility) determine its effective use when deposited
n antibacterial surfaces [1,2]. There is at the present time a need
o develop supported materials presenting fast bacterial reduc-
ion kinetics, substrate adherence, long-term operational lifetime,
echanical resistance and biocompatibility [3,4]. Nitrides and Ag-
itrides presenting fast kinetics seem to be ideal candidates for this
ask. Nitrides have been shown to be useful protective coatings
ue to their high thermal stability, hardness, mechanical resis-
ance, chemical inertness, high electric resistivity and corrosion
esistance.
Sol–gel methods have been used to graft TiO2 and Ag thin ﬁlms
n substrates showing high thermal resistance. This method needs
∗ Corresponding author. Tel.: +41 21 6936150; fax: +41 21 6935690.
∗∗ Corresponding author.
E-mail addresses: cesar.pulgarin@epﬂ.ch (C. Pulgarin), John.kiwi@epﬂ.ch
J. Kiwi).
ttp://dx.doi.org/10.1016/j.apcatb.2015.03.032
926-3373/© 2015 Elsevier B.V. All rights reserved.temperature of few hundred degrees to anneal the TiO2 or Ag to the
selected substrate. Sol–gel produced ﬁlms are difﬁcult to reproduce
and exhibit low adhesion to the substrate. They lack uniformity and
robustness making their practical application difﬁcult [5].
We  report in this study sputtered ﬁlms of Ag–TaN prepared at
temperatures below the PES temperature limit of 160 ◦C. Metal-
nitride research is an area of increasing interest due to the nitride
biocompatibility. Recent reports suggest that nitrides/oxynitrides
do not induce any cellular changes being non-hemolytic or cyto-
toxic [6–8]. The gas composition Ar/N2 has been shown to play
a crucial effect on the microstructure of nitrides sputtered ﬁlms
[9–13]. Therefore, the optimization of the gas composition was sys-
tematically investigated during the ﬁlm preparation. The amount
of N2 in the magnetron chamber gas phase controls the N- in the
ﬁlm improving the visible light absorption.
Synthetic antibiotics have been shown during the last decade
to induce bacterial resistance when administered for long times
[14–19]. For this reason we investigate in the present study the
bacterial reduction by Ag–TaN nanoparticulate ﬁlms. The bacterial
reduction performance is presented for Ag–TaN and compared to
Ag–TiN [20–25] and Ag–ZrN [26] ﬁlms. The ﬁlms prepared in our
laboratory were performed under similar experimental conditions
[20,26].
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Table  1
Surface composition of Ta and Ag on polyester/Ag–TaN found by X-ray ﬂuorescence.
DCP Time (s) %Ag wt/wt %Ta wt/wt Thickness (nm)
Ag–TaN
300 mA/280 mA
5 0.0127 0.0030 6
10  0.0162 0.0076 12.5
20  0.0250 0.0147 25
40  0.0471 0.0227 50
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We  address in this study: (a) the preparation/optimization by
CP of Ag–TaN PES samples inducing a faster bacterial reduc-
ion kinetics compared to Ag–PES, (b) the co-sputtering details
f TaN and Ag, being strongly dependent on the applied N2
artial pressure, (c) the redox catalysis on Ag–TaN PES during
acterial reduction by X-ray photoelectron spectroscopy (XPS),
d) the Ag–TaN PES surface properties such as diffuse reﬂectance
pectroscopy (DRS), X-ray ﬂuorescence (XRF) and atomic force
icroscopy (AFM).
. Experimental
.1. Ag–TaN PES deposition by DCP co-sputtering techniques
TaN and Ag–TaN thin ﬁlms were DCP sputtered simultaneously
n PES using targets of Ag (99.99 at. %) and Ta (99.98 at. %) provided
y K. Lesker, Hastings, UK. The substrate-to-target distance was
0 cm and the diameter of the targets was 5 cm.  Before the depo-
ition of the ﬁlms the residual pressure in the sputtering chamber
as ﬁxed at 10−5 Pa. The total working pressure Ptot= (PAr + PN2) was
.5 Pa and the N2 partial pressure in the Ar was 10%. The sputtering
urrent on the Ta target was 280 mA  providing a power of 100 W
U = −370 V) at a current density of 12.7 mA/cm2. The sputtering
urrent on the Ag target was 300 mA  (P = 270 W,  U = −400 V). Details
egarding sputtering Ag have been recently reported [20,27].
The polyester used was Dacron, type 54 spun, plain weave ISO
05-F04 (EMPA) used for color fatness determinations. The thick-
ess calibration of the Ag–TaN ﬁlms and TaN was carried out on
i-wafers. The ﬁlm thickness was determined with a proﬁlometer
Alphastep500, TENCOR) and the values presented an error of ±10%.
.2. Ag and Ta content, bacterial evaluation kinetics and
rradiation procedures
The Ag- and Ta-content of PES were evaluated by X-ray ﬂuores-
ence (XRF) in a PANalytical PW 2400 unit. The weight percentages
f Ag and Ta in the Ag–TaN samples are shown in Table 1 as a
unction of the sputtering time. The optimal Ag–TaN photocata-
yst (Ag–TaN co-sputtered for 20 s) had an Ag-content of 0.025 wt%
g/wt PES and 0.0147 wt% Ta/wt PES.
The samples of Escherichia coli (E. coli K12) was  obtained from
he Deutsche Sammlung von Mikro-organismen und Zellkulturen
mbH (DSMZ) ATCC23716, Braunschweig, Germany to test the
ample bacterial reduction activity. The PES was  sterilized by
utoclaving at 121 ◦C for 2 h. The 20 L bacterial aliquots with
 concentration ∼106 CFU/mL−1 in NaCl/KCl were placed on the
puttered PES fabric. These samples were placed on Petri dishes
rovided with a lid to prevent evaporation. At preselected times
he samples were transferred into a sterile 2 mL  Eppendorf tube
ontaining 1 mL  autoclaved NaCl/KCl saline solution. These solu-
ions were subsequently mixed thoroughly using a Vortex for min. Serial dilutions were made in NaCl/KCl solution taking a
00 L sample and then pipetting the aliquot onto a nutrient agar
late, for subsequent counting by the standard plate method. These
gar plates were incubated, lid down, at 37 ◦C for 24 h before the2
Fig. 1. Dependence of the deposition rate TaN ﬁlms on the nitrogen partial pressure.
colonies were counted. Triplicate runs were carried for the bacterial
CFU/mL−1 determination reported in this study.
The samples used in the bacterial reduction were irradiated in
the cavity of a L18 W/827 Lumilux/Osram reactor at different light
doses.
2.3. Detection of released ions during bacterial reduction and
optical absorption by the nano-particulate ﬁlms
The FinniganTM ICP–MS used was equipped with a double focus-
ing reverse geometry mass spectrometer presenting an extremely
low background signal and high ion-transmission coefﬁcient. The
spectral signal resolution was  1.2 × 105 cps/ppb and the detection
limit of 0.2 ng/L. Diffuse reﬂectance spectroscopy was carried out
using a PerkinElmer Lambda 900 UV–Vis–NIR spectrometer pro-
vided for with a PELA-1000 accessory
2.4. Atomic force microscopy and XPS studies
The AFM image signals were acquired in contact mode using a
PSIA Xe-100 AFM. Silicon nitride cantilevers were used with feed-
back set points around 1.0 nN. The measurements in the z-scanner
were not inﬂuenced by the hysteresis in the z-scanner.
Ra =
√√√√
N∑
x,y
(
Zx,y − Zaverage
)2
N2
An AXIS NOVA photoelectron spectrometer (Kratos Ana-
lytical, Manchester, UK) equipped with monochromatic AlK
(h = 1486.6 eV) anode was used during the study. The carbon C1s
position at 284.6 eV was  the reference used to correct the charging
effect. The XPS spectra were deconvoluted by means of the software
CasaXPS-Vision 2, Kratos Analytical UK).
3. Results and Discussion
3.1. Thickness determination of sputtered polyester samples.
Fig. 1 shows the TaN ﬁlm deposition rate as a function of the
N2 partial pressure in the DC-chamber. The deposition rate was
48 nm/min in the absence of N2 for Ta ﬁlms and decreased to
<10 nm/min when 10% of N2 gas was  present in the Ar–N2 gas mix-
ture. This decrease is attributed to the blocking of Ta-target surface
active sites by N-atoms at higher N2 partial pressure [23,27]. The
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Fig. 2. (a). E. colisurvival on TaN–PES in the dark and under light: (1) PES alone, (2) sputtered for 2 min  in dark, (3) sputtered for 1/2 min under light, (4) sputtered for 1 min under
light,  (5) sputtered for 8 min  under light (6) sputtered for 4 min  under light and (7) sputtered for 2 min  under light. Irradiation source L18 W/827 Lumilux/Osram(4 mW/cm2
( or 10 
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tb). E. colibacterial reduction on Ag–TaN sputtered for times: (1) PES, (2) for 5 s, (3) f
umilux/Osram (4) mW/cm2). (c). E. colibacterial reduction on Ag-sputtered (1) PES
umilux/Osram (4 mW/cm2). (d). Comparative bacterial reduction kinetics of E. coli
-content has been reported to increase up to Ta3N5 [24] during
he sputtering of TaN.
Table 1 shows that the mass of Ag and Ta deposited on PES are
ot directly proportional with the time of sputtering meaning that
he composition of the ﬁlm changes with sputtering time. More
ense layers predominate at shorter deposition times. At longer
puttering times, due to the lower amounts added of Ag and Ta as
hown in Table 1 these layers became less dense. The thicknesses
f the TaN and Ag–TaN layers were observed to be a function of the
puttering time on Si-wafers. Table 1 shows that the layer thickness
s directly proportional to the sputtering time. Within 1 s, an Ag
ayer of 1.2–1.25 nm Ag was deposited on PES equivalent to ∼6
tomic layers of 0.2 nm each, at a rate of 6 × 1015 atoms/cm2xs.
f a lattice distance of 0.3 nm is assigned between Ag–atoms [8],
 layer consists of 1015 atoms/layer/cm2. Being each layer 0.2 nm
hick, a TaN layer 400 nm thick would contain 2 × 1018 atoms/cm2,
eposited at a rate of 2 × 1015 atoms/cm2 x s.
.2. E. coli bacterial reduction by TaN–PES and Ag–TaN PESFig. 2a presents the E. coli reduction kinetics when Ta was
puttered on PES in an Ar + N2 (0.5 Pa) atmosphere for different
imes. Fig. 2a shows the semiconductor behavior of the Ta sput-
ered on PES. The TaN PES sample sputtered for 2 min  unders, (7) for 20 s, (6) for 40 s, (5) for 60 s and (4) for 120 s. Irradiation source L18 W/827
, (2) for 20 s, (3) for 40 s, (4) for 80 s and (5) for 160 s. Irradiation source L18W/827
) Ag–TaN PES, (2) Ag–ZrN PES (3)Ag–TiNPES, and (4) Ag–PES.
light led to complete bacterial reduction within 120 min  (Fig. 2a,
trace 7).
The formation of Ta2O5 is possible during the sputtering of TaN
in the magnetron chamber since: (a) residual H2O vapor is present
in the sputtering cavity at Pr = 10−4 Pa. This pressure is equivalent
to 1015 molecules/cm2s or one monolayer and the O-radicals pro-
duced induce Ta partial oxidation and (b) the TaN ﬁlms can also
oxidize after the deposition when exposed to air and during the
sterilization process used during the bacterial counting autoclaving
at 121 ◦C.
Fig. 2a shows that the bacterial reduction kinetics on TaN–PES
sputtered for 0.5–2 min  (Fig. 2a, traces 3, 4, 7). Fig. 2a, traces 5,6
sputtered for 8 and 4 min, respectively, show slower bacterial inac-
tivation kinetics compared to trace 7 (2 min). This is due to the
increase in the TaN layer thickness leading to bulk inward diffusion
of the charge carriers induced by light irradiation [28].
Fig. 2b shows the faster bacterial reduction of E. coli on Ag–TaN
PES surfaces under a Lumilux/Osram L18 W/827 lamp irradiation.
It is readily seen that PES alone has no bactericide action and that
the E. coli reduction kinetics becomes faster at longer Ta/Ag co-
sputtering times up to 20 s. This sample led to a complete bacterial
reduction within 20 min. Sputtering times > 20 s led to a slower
bacterial reduction kinetics. For a sample sputtered for 120 s (see
Fig. 2b, trace 4) the E. coli bacterial reduction became longer since
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Fig. 3. E. coli bacterial reduction kinetics on Ag–TaN PES cosputtered for 20 s on
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(1)
(2)olyester as a function of the applied light dose. Irradiation source L18 W/827
umilux/Osram (4 mW/cm2).
he Ag-clusters size agglomerated, reducing the catalytic activity
er exposed Ag-atom.
Fig. 2c shows the E. coli survival on Ag–PES. Sputtering of Ag for
60 s induced the fastest bacterial reduction in Fig. 2c, trace 5. The
puttering time of 160 s seems to lead to the optimal ratio of Ag-
oading/Ag-cluster size with the highest amount of Ag-sites held in
xposed positions on the PES-surface.
A drastic acceleration of the bacterial reduction kinetics is
bserved in Fig. 2b compared to Fig. 2a. It has been suggested that
uring the sputtering of nitrides on PES, the bonding of the TaN ad-
toms proceeds with a high alignment on the PES and this has an
ffect on the added Ag. It has been reported that the atoms of the
itride ﬁlm merge without forming boundaries leading to a smooth
niform nitride surface [8–10]. The signiﬁcant effect of TaN on the
g compared to Ag–ZrN and Ag–TiN on the bacterial reduction is
hown in Fig. 2d. The 20 min  bacterial reduction time represents
 drastic bacterial reduction time compared with Ag–TiN within
00 min  [20] and Ag–ZrN within 90 min  [26] under similar exper-
mental conditions. In Fig. 2d, the initial induction period during
he bacterial reduction was around 60 min  for Ag–TiN and Ag–ZrN
hile it was only 15 min  for Ag–TaN.
To ﬁnd an explanation for the shorter bacterial reduction on
g–TaN, (Ta5+ 0.73A) compared to Ag–TiN (Ti4+ 0.64A) and Ag–ZrN
Zr4+ 0.87A) is not possible based on the size of the cations. Due to
he similar radii, it is possible to discard nitride cation size consid-
rations to rationalize the observed effect. But there is a signiﬁcant
ifference in the potentials of TaN undergoing Ta5+/Ta6+ redox
eactions compared to TiN and ZrN undergoing M3+/M4+ redox
eactions [23–34,29]. The oxidation-reduction potential values for
he Ta, Ti and Zr depend heavily on the nature of the composite
ompound they are found. To provide an explanation based on the
ations potentials is not possible at the present time since the exact
tate of the Ta, Ti and Zr in the nitrides has not been reported.
.3. Effect of the applied light dose and suggested mechanism of
eaction
Fig. 3 presents the bacterial inactivation kinetics mediated by
g–TaN PES (20 s) applying different light doses. The bacterial inac-
ivation kinetics in Fig. 3 is seen to be dependent on the applied light
ose. A dependence on the light dose reveals semiconductor behav-
or inducing charge separation in Ag2O. At the highest light dose in
ig. 3, the induction period is negligible and bacterial reduction
tarts immediately after the sample irradiation.Fig. 4. (a) Ion-coupled plasma spectrometry (ICP–MS) determination of Ag-ions
released during the recycling of (1) Ag–PES sputtered for 160 s and (2) Ag–TaN PES
co-sputtered for 20 s.
The bacterial inactivation kinetics of E. coli on the Ag–TaN (20 s)
samples was  evaluated for CFU initial concentrations of 1.8 × 106,
1.5 × 107 and 1.47 × 109 CFU/mL−1. The inactivation of higher
bacterial concentrations required longer times. This observation
excludes a strong absorption of E. coli K12 on the co-sputtered
Ag–TaN (20 s) sample. Adsorption of E. coli on the 30 nm Ag-
particles is not possible due to the size of E. coli K12 (1 ) [30].
3.4. Repetitive bacterial reduction and Ag-release during
bacterial reduction.
The cyclic bacterial reduction by Ag–TaN PES (20 s sputtered
sample) was  carried out under light up to 8 cycles. After each cycle,
the sputtered polyester fabrics were washed thoroughly with ster-
ilized MQ-water, vortexed for 3 min  and dried. No bacteria were
detected on the polyester fabric. To verify that no re-growth of
E. coli occurs after the ﬁrst bacterial reduction cycle, the TaN–Ag
nanoparticle ﬁlm was incubated again on an agar Petri dish at 37 ◦C
for 24 h. No bacterial re-growth was  observed.
During the repetitive cycling runs the complete bacterial reduc-
tion increases from ∼20 min  in the ﬁrst cycle reaching in the 8th
cycle ∼35 min. The possible Ag-losses during the bacterial reduc-
tion may  account for the longer bacterial reduction time observed
during the repetitive bacterial reduction cycles (data not shown).
This moved us to evaluate the Ag-release by ICP–MS.
The release Ag from Ag–PES (160 s) and Ag–TaN PES (20 s) is
shown in Fig. 4 up to the 8th recycling. For the Ag–PES samples, the
level of Ag-release drops from 8 to about 4 ppb/cm2 after the 8th
cycle. For the Ag–TaN (20 s) sample, the Ag-release drops from 4
to about 1 ppb/cm2. Ag-ions > 0.1 ppb present antimicrobial effects
and Ag > 35 ppb become cytotoxic to human (mammalian) cells
[31,32]. Ag-ions due to their small size are able enter the 1.0–1.1 nm
porins channels of E. coli and penetrated into the bacterial cyto-
plasm [30,33,34].
Silver bioactivity does not involve exclusively Ag ion-release.
Other bioactive mechanisms are present during the direct contact
between Ag- and pathogens intervening in the bacterial reduction
[16,18,32].
3.5. Diffuse reﬂectance spectroscopy (DRS) and visual perception
of samples.
The DRS spectra of Ag–TaN PES surfaces increase as a function of
Ag-sputtering time ∼400 nm (data nor shown). Ag-plasmons have
380 O. Baghriche et al. / Applied Catalysis B: Environmental 174 (2015) 376–382
F
o
b
d
b
a
A
A
A
a
b
p
2
b
A
f
Fig. 6. Transmission electron microscopy (TEM) of: (a) TaN–PES sputtered for 2 minig. 5. TaN, Ag and Ag–TaNsputtered PES for different times noted in the ﬁgure. For
ther details see text.
een reported on different surfaces [9–10]. The UV–vis reﬂectance
ata cannot be used directly to assess the absorption coefﬁcient
ecause of the large scattering contribution to the DRS spectra. At
 higher Ag-concentration >20 s sputtering time (see Table 1), the
g acts as a carrier recombination center. No clear XRD metallic
g signals were obtained for Ag on PES due to the low amount of
g-sputtered on PES.
The visual perception of sputtered samples is shown in Fig. 5. PES
lone is white but when sputtered with TaN for 2 min  it becomes
rown. Sputtering Ag for 20 s led to a dark gray color PES sam-
les that became black when the Ag was co-sputtered with TaN for
0 s. The dark gray color corresponds to the Ag2O with a 0.7–1.0 eV
and-gap presenting an absorption up to ∼1000 nm [20]. When
gO clusters/ﬁlms are exposed to air, the H2O vapor in the air trans-
orms this silver in AgOH. But AgOH is not stable and follows the
Fig. 7. Atomic force microscopy for Si-wafers: (a) sputtered wand (b) Ag–TaN co-sputtered for 20 s on PES.
lowest energy path and spontaneously decomposes to Ag2O and
H2O [8].
Fig. 6 shows the scheme for the electron injection under actinic
light from Ag2O to Ta2O5. The Ag2O electronic band positions: cb
at −1.3 eV NHE (pH 0), vb at +0.2 V NHE (pH 0) and the band-gap
(bg) of 1.5 eV have been reported [29]. The wide band-gap semi-
conductor Ta2O5 has been reported presenting a cb at −0.4 V, vb at
+3.6 V NHE (pH 0) and a band-gap of 4.0 eV. The electron injection
from Ag2O to the TaN intermediate lower lying band states located
at 0.74 V above the Ta2O5 vb is shown in Fig. 6 [35]. The Ag2Ocb
electrons injected into Ta2O5cb hinder the e−/h+ recombination
in Ag2O. These injected electrons enhance the O2–O2− reduction
since Ta2O5cb (−0.4 eV) potential is situated well below the Ag2Ocb
(−1.3 eV). Under light irradiation Ag2O generate the charges:
Ra =
√√√√
N∑
x,y
(
Zx,y − Zaverage
)2
N2
(1)Ag2O + h → h+ + e− (2)
ith TaN for 120 s and (b) cosputtered for 20 s Ag–TaN.
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g3d5/2 doublet for Ag–TaN sputtered PES for 20 s after 20 min  bacterial reduction
nder a L18 W/827 Lumilux/Osram (4 mW/cm2)actinic irradiation source.
he electron in Eq. (2) will also reduce O2 leading to O2− Eq. (3) and
n the presence of water vapor leads to highly oxidative radicals OH◦ble to reduce bacteria as shown in Eq. (4)
− + O2 → O−2 (3)
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3.6. Atomic force microscopy (AFM)
Fig. 7a presents the atomic force microscopy (AFM) for a sput-
tered TaN (2 min) with TaN grain sizes of 30–50 nm. Fig. 7b shows
image for co-sputtered samples of Ag–TaN (20 s) with grain sizes of
70–100 nm.  The surface roughness of the samples was  evaluated by
the root mean square (rms) for TaN and Ag–TaN and attained values
of 2.2 and 2.7 nm. An increase in roughness leads to a higher contact
angle reducing the polarity and the surface energy. Increase in the
surface roughness generally leads to a better contact of the Ag, and
has a beneﬁcial effect accelerating the bacterial reduction kinetics.
The Rg values found were in the range of low surface roughness
(<3 nm). In this range it is unlikely that the roughness variation
between the samples have a signiﬁcant effect on the contact angle
measurements for TaN–PES and Ag–TaN PES. The nanoparticles in
the AFM-image (Fig. 7) appear separated from each other showing
a large contrast along the z-axis. This suggests a low uniformity for
the coverage shown in Fig. 7a,b.
3.7. Photoelectron spectroscopy (XPS) of the Ag–TaN PES
The results in Fig. 8a–c show the XPS deconvolution of TaN and
Ag-peaks found by XPS and provide information on the Ag-ionic
states on the Ag–TaN PES. Fig. 8a presents the TaN PES sputtered for
2 min  as it led to the fastest bacterial inactivation (Fig. 2a). The core
line is centered at 25.55 eV for Ta 4f2/5 and the spin orbit separation
was 1.9 eV, indicating the presence of Ta5+ [36]. A lower valence
state of Ta could not be detected because of the PES coverage of Ag
and its possible low surface concentration. The observed ratios of
Ta/Ag and O/N were 2.43 and 1.03, respectively. These XPS results
indicate that besides Ta, O adsorbed from the air is found in the
topmost layers of Ag–TaN PES.
The XPS of the Ag on the Ag–TaN PES sputtered for 160 s is shown
next in Fig. 8b for Ag◦/Ag+ peaks and Ag0/Ag2+peak, respectively.
Ag2O (Ag+) and AgO (Ag2+) species were detected by XPS due to
the oxidation of Ag by air on PES. The Ag◦ metal state signal still
persists along the Ag-ionic states as shown in Fig. 8b. The electro-
static correction for the XPS Ag-signals was carried out according
to Shirley [37]. Fig. 8b shows at time zero the Ag3d5/2 doublet with
Ag◦ at 367.6 eV and the Ag+ doublet at 368.2 eV.
Fig. 8c shows that after 20 min  bacterial reduction, the Ag0 dou-
blet shifts to 368.8 eV and a new signal appears for the Ag2+ doublet
appears at 368.8 eV. Redox processes take place involving Ag-ionic
states during the bacterial reduction. These redox processes involve
charge transfer between the Ag–TaN leading to E. coli oxidation. A
shift in the XPS binding energy (BE) >0.2 is the evidence for a shift
in the metal oxidation state occurring during bacterial reduction
[38].
4. Conclusions
TaN induces a drastic acceleration on the Ag bacterial reduction
when compared to TiN and ZrN matrices. Ag-redox changes were
identiﬁed by XPS during the bacterial reduction process. Evidence
was found by ICP–MS for the Ag–TaN PES slowing the Ag-release
during E. coli compared to Ag–PES. A mechanism for the bacterial
inactivation by Ag–TaN is suggested in this study.
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